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INTRODUCTION
The purpose of this work was to conduct a study
of farm buildins; lOBses due to the wind and to select
a portion of a building on which to make tests as an
outcome of this study. Losses were investigated by
making field observations of buildings dajnaged and by
a statistical study of all losses paid during the past
year by the Iowa Mutual Tornado Insurance Association,
The annual losses to Iowa farmers on buildings
due to wind, has been exceedingly large. The Iowa Mutual
Tornado Insurance Association alone paid over 1584,000.00
in 1929, and the average annual claims for a five year
period was almost $410,000.00. It is believed that these
losses may be reduced by improved construction methods
and by redesigning portions or members that are comparatively
weak.
-6-
SUMMARY
The purpose of this work was to devise and test
constructional methods for farm buildings in order
to reduce wind losses. In analyzing this subject,
it seemed that the following headings should be con
sidered, namely:
I. The extent of the losses to farm buildings
in Iowa due to the wind.
II. Character and distribution of storms,
III. Forces exerted by the air in motion with
reference to farm buildings,
IV, Structural detailsCtests) ♦
A field and statistical study of losses to farm
buildings due to the wind was made. In the field study,
observations were made of buildings damaged or demolished
by the wind in order to determine which members or portions
of the building were the first to fail. Due to the fact
that the major destructive storms occured before this work
had commenced, very little data have been collected on
this particular phase. The statistical study consisted
of a survey of the records of the Iowa Mutual Tornado
Insurance Association for 1930. A correlation of the
data was made by coimties determining the relation of
-7-
ineuxance carred by this association to the farm
building investment in Iowa; the distribution of
losses for the year; and the ratio of claims paid
to Insurance In force, which gave the loss areas
for the year. Further correlations determined the
distribution of claims paid by months and also the
losses as to the items of loss.
The character and distribution of storms was a
study of meterolOKy, in which the nature and cause of
the destructive storms was considered and a review waji
made of the Iowa weather reports.
The section on forces exerted by the air in motion
had as its objective the determination of wind loads on
farm buildings. A consideration was made of available
formulae used in computinc: wind loads and as none of
these considered reduced static pressure, or suction. It
was necessary to devise a comprehensive formula or table
to be used as a criterion for the tests. A wind load
diagram was drawn being based on wind pressure experiments
on models of buildings and varified by aerodynamical data.
The final section dealt with structural details
of the plate Joint, in which four types of construction
were considered. The sections to be tested were placed
under identical conditions and load increments applied in
-B-
order to determine the loading necessary to cause
breaking, point of rupture, and the deformations or
deflections. As a result, the comparative strengths
of the constructional methods considered were determined*
—9—
The Extent of Losses to Farm Buildings In
Iowa Due to the Wind.
Statistical Study
A study was made of the records of the Iowa Mutual
Tornado Insurance Aeeociation to determine (1) the dis
tribution in the state of insurance carried by them and
losses paid during the year, and (2) to ascertain on
what items the various claims were paid. This data was
taken from the annual report issued October 31> 1930 and
from the proofs (records) of claims which are in the files
of the association.
1. Distribution of insurance in force and losses paid in 1930.
To have a clear understanding of the data it was first
necessary to consider the investment in farm buildings and
the distribution of this investment. According to the 1925
census, Iowa has an investment of over 1984,000,000 In farm
buildings. The distribution of this investment in the state
is influenced by the types of farming, as shown in Plate lb
which depends on the nature of the soil, and to an extent,
on marketing facilities. With the exception of a narrow
area bordering the Missouri River, which is a cash grain
section, the western portion of the state is a meat produc
ing area. The normal practice is to feed all grain and
hay produced, which necessitates storage buildings as well
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ae shelters for the animals, making the investment In
buildings for the area relatively high. (See Plates II &
III), The east central part of the state is also a meat
producing area and the building investment is likewise of
similar proportions. The north central portion and the
strip along the Missouri River are known as the cash grain
areas. In which between 65^ and 70% of the land is in corn
and oats. Most of the grain is sold immediately after
harvesting, consequently the building investment is lower
than in the meat producing areas. The northeast section
of the state is the dairy area, with high investment in
structures. The south central and southeast part of the
state is called the southern pasture area, in which meat
production is of prime importance, differing from the
other sections in that pasturing is the principal enter
prise, The area has the lowest Investment In farm
buildings per county In the state.
The map, Plate III, does not show a true representat
ion of the building Investment as the counties vary
greatly in size. For a true picture of the situation
it would be necessary to divide the total investment per
county by the acreage of farm land in each county. As
this phase of the study is on an analogy of relations
existing between Investment in buildings and risks.
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(ineuranoe In force), carried by the association, the
county can be used as a \init for comparison.
A correlation between the farm building investment
and the risks carried by the Iowa Mutual Insurance
Association cannot be accurately made, (Plate II),
Insurance is carried on personal, public and \irban property,
whereas structures of this type are not considered in the
oeneuB as being farm buildings. In comparing the maps
it will be noted that the west and north sections of the
state show somewhat of a direct relationship between
investments and risks, while the east central section has
a high investment and a low comparative investment and also
carries a relatively low amount of risks, Plate IV gives
a more detailed apportionment of the risks carried by this
Iowa Mutual,
During 1930 the Iowa Mutual Tornado Insurance Association
paid nearly $220,000,00 on claims, the his^hest losses beine
in the northwest part of the state (Plate V), This section
carries a high insurance in this association, thus under
average conditions this large loss might result. In order
to secure a definite relationship it was necessary to
determine the ratio of claims paid to the insurance in force
in the counties, A unit of $1,000,00 in insurance was used
as the basis for this ratio. This result gave the loss areas
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for the year and the relative sturm areas. Plate VI,
which shows the ratio of claims paid to risks per county
and also the storm areas for the year is the result of
this computation. The northwest section and Lucas
county had the largest percentage of losBes for 1930.
(For a map of Iowa counties refer to Plate la. Several
eastern counties also showed large proportional losses.
The amounts paid on $1,000.00 insurance varies greatly,
from #2.02 in Sioux County while in Montgomery County
they were nil, (Table I gives the amounts on all factors
discussed.)
The occurrence of losses by months is shown in plate
VII. Claims were paid for losses in 1928 and 1929 but
they are of insignificant proportions considering the
amount paid out for 1930. These losses for 1928 and
1929 were either turned into the office late or else there
was some doubt as to their legitimacy and thus they were not
settled until 1930. During 1930, the month of June had the
greatest number of losses and also the largest axrioymt was
paid on claims. Heavy losses were reported in May and also
in September. The major losses in June occured on the 34th
of that month, with the greatest damage reported in the
northwest section of the state, especially in Siorix and
O'Brien Counties, According to the state weather report
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the storm causing the destruction was a wind storm
with some hail in Sioux County. The storm moved
from the northwest to the southeast. The storm of
May 6 caused the greatest proportion of the damage
for that month. It was a wind and hail storm
with reports of tornados in Decatur, Mahaska, and
Poweshiek Counties. This storm had a southwest to
northeast course. On September 7, a wind and hail
storm moving from the northwest to the southeast caused
enormous damage, especially in Plymouth County, where
the hail daimage was exceedingly high.
2, Items of loss on which claims were paid.
The 1220,000.00 paid in 1930 comprised over 4,300
claims which include about 6,000 items of loss, which
were listed in the collection of the data under 68
headings. In taking this data from the proofs it was
necessary In some cases to estimate the amoxmts paid for
each item of loss, and consequently there may be a slight
degree or error. For example, a rack may have been
damaged and some glass broken during a storm, and only one
account turned in for the parts, glass, and labor. It
was therefore necessary to divide the labor cost for the
two items, this division being made on the basis of
-22-
slmilar claims which were itemized. In collecting
the data there was also a possibility of error in
interpreting various words and terms used by the
different adjusters.
Table II is a complete resume of the items of
loss and amounts paid for each. The various items
are clearly defined with the exception of the one
termed miscellaneous, which includes such losses as
damage to buildings (the type of building or the
nature of damage not being given), tanks demolished,
veterinarian expense, and others for which no specific
explanations were given.
In various cases in which several items were
listed on one claim, no differentiation was made on
the proofs as to the exact cause of the loss. Many
cupolas were blown from buildings and often damage
was done to the roof. The proof might show a certain
amount paid for the repair of the cupola and another
Item for shingles and replacement. Whether the shingles
were damaged by the cupola or blown off by the wind was
therefore unknown. If the amount was small it was
assumed that the cupola in falling damaged the shingles,
while if a large section was damaged it was assumed the
wind had blown off the shingles; as a result the former
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would be listed under deunage by debris (which includes
portions of buildings in this report), while the latter
would be listed under shingles damaged by the wind. A
similar example is in the case of trees falling on buildings
in which glass was broken.
Table III b, shows the various agencies causing the
losses and the amount paid on the various items damaged.
Over of the damage was caused directly by the wind
while all the other damage was indirectly due to this
agency. About 5,8^ of the loss was due to hail with
glass being the largest single item. The damage by trees
and debris is indirectly due to the wind in that the wind
broke off branches, uprooted trees, or wrecked buildings
and hurled the pieces against buildinc^s, stock and machinery.
The rain damage was caused by buildings first inving windows
broken, roofing off, or holes made by debris and the like
and consequently the rain was blown in doing considerable
damage to household furnishings and feed.
The constructional losses which were due to wind are
shown on Table III a. The largest single cause of loss is
the demolition of buildings, the greatest losses being on
barns while there were no losses of this nature reported
on the houses. There were some reports of tornadoes during
the year but no definite record was made on the proofs
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whether ths "buildings were razed dne to this wind action.
It is considered uneconomical and impractical to build to
withstand tornadoes as they are so infrequent and so
destructive that the increased building cost would not
warrant such construction. Considering a wind of cyclonic
nature as being the cause of the damage it would seem apparent
that certain members of the building failed, and dua» to this
weakening the structiire collapsed. From photographs of
several of the demolished buildings it is evident by the
way the debris had piled that a sequence of failures occurred,
and in most cases the leeward side had been the first portion
to loosen,
A considerable amount was paid on claims in which
buildings were leaning or out of plumb. It was usually
necessary to rent jacks to straighten the buildings and this
plus the labor and some bracing materials usually constituted
the claims,
A large proportional amount was paid for the replacement
and repairs on buildings which had been blown from their
foundations. From photographs and observations there are
three causes for this damage, (1) the sill being improperly
anchored, (2) the sill splitting, and (3) the stud becoming
detached at the sill.
In Tables II and III, the item "roof off" is applied
-27-
to all losses in which the roof was lifted off by
the action of the wind, this detaching usually taking
place at the plate. From observatlor.s and knowledge
of wind action this lifting takes place on the leeward
side and usually results in, (1), the plate loosening
from the stud or (3), the rafter being detached from
the plate. This plate joint is usually the first
joint detached in the case of demolition.
Many doors and tracks were damaged and wrecked by
the wind. In collecting the data an endeavor was made
to differentiate between the different types of doors
damaged but this was impossible as the adjusters in most
cases recorded the losses as "doors". The major losses
were on hay, barn, and crib doors but no correlation can
be made, as a result of inadequate information.
A considerable sum was paid on claims for wood cupolas
and metal ventilators. The ratio of ventilators damaged
to cupolas damaged or wrecked was very small. In most
cases the cupolas were blown from the barn which necessitated
hoisting and replacing, and also considerable repair to the
roof.
The losses on shingles and roofing was mainly a result
of poor workmanship In the laying. Shingles are Bometimes
laid 5 inches or more to the weather and if warping occurs
they become prey for the wind. Roofing nailed over old
-28-
shingles ie also easily damaged by the wind especially
if there are holes and cracks in the roofing. Improper
laying of roofing over sheathing makes it susceptible to
the wind.
The machinery and implement loss were very high in
1930. The largest amount paid for any single item was
on racks and wagons, the major portion of this loss being
on racks. A n\imber of elevators and hay loaders were also
damaged*
The following is a summary of the results of the st^ldy
for 1930:
1, There is some correlation between farm building
investment and risks carried by the Iowa Mutual
Tornado Insurance Association in all parts of the
state excepting the east central portion.
2. This Association sustained the greatest losses in the
northwest section of the state*
3. The northwest section, especially Sioiix County, and
Lucas County in the south had the greatest proportional
losses and as a result these areas were considered as
the regions of the most destructive storms of the year,
4. The most destructive storms occurred in June, with
large losses also occurring in May and September.
5, The general direction of these storms was from the
west to the east,
6, 875"^ of the losses sustained were caused directly by the
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wind, while all the other losses were Indirectly
caused by the same agent,
7, The greatest loss pald(over 36^) as listed, was on
the demolition of buildings.
8, Many of these losses were apparently due to improper
design or construction,
9, The losses on (^lass amounted to over 6^ of the total
paid on claims,
10, About 5';^ of the losses was paid for damage done by
falling trees and debris.
11, Machinery exposed to the elements suffered heavy
losses. (6.6^).
13, In order to secure accurate results in oomplllng the
data it is suggested that there should be a standard
ized system of recording losses by the adjusters.
13. Field observations are essential in the study of the
various problems in order that intelligent research
may be carried on.
14. A great amount of research and study is necessary to
determine:
a. Wind stresses on farm buildings
b. Best methods of construction
0. Distribution of losses as to items of loss and to
determine storm areas of Iowa(cumulative statistical
study,)
-30-
Oharacter and Distribution of Storms.
To investigate wind losses it is necessary (1) to
understand the nature and cause of the storms that, due to
their high velocity, result in the partial or total demolition
of farm buildings, and (2) to review the meteorology of Iowa.
1. Nature and causes of destructive storms*
There are two types of storms waich damage and demolish
buildings, namely the cyclone and tornado. These storms
both have circulatory paths, but differ greatly in their origin,
extent, and intensity. Ferrel's (7) definition of a cyclone is
as followsj
"A cyclone requires, in addition to the state of unstable
equilibrium for saturated air, such a disturbance in the general
equality of the temperature over a considerable area that there
is a central and somewhat circular area of higher or lower
temperature, from which arises a vertical, and consequently a
gyratory, circulation, and the initial extent of the cyclone
depends upon that of the initial temperature disturbance."
The extent of a cyclone varies greatly, the average size
for North America being 1,553 miles in diaineter. The prevalent
direction ( J year period) in the United States was N 81° E, or
generally speaking from the West to the East. The frequency
of the cyclone varies greatly from place to place, the mid-
latitude cyclones being more nximerous in the winter than in the
-31-
sximmer. The relation of the long lived cyclones to the
season is stated as follows:
sununer • 2
winter "5
The tornado appears to have a purely mechanical origin
and has a counter-clockwise movement. From observations the
cause of a tornado may be given as follows:
At the cloud level there are neighboring winds flowing in
approximately opposite directions, waich more or less inter
mingle and cause overrunning coianter currents. There is also
an inflow occurring at various levels due to pressure and
temperature differences, that feed the strong up draft, which
is always in front of a thxinderstorm; this Inflow usually so
deflects these counter currents by drawing both of them into
the same rising column, that a violent whirl Is produced*
The tornado is described as resembling a gigantic elephant's
trunk, writhing about, or as a rope dangling from the sky, and
spreading destruction wherever it touches the ground.
Tornadoes are peculiar to the United States and are most
frequently in Missouri, Kansas, and Iowa. The apparent reason
for this phenomena is that the eastern side of the Rockies
gives rise to southward winds which intermingle with the north
ward winds from the Gulf of Mexico*
The diameter of the tornado averages about SBk feet*
The length of its path varies from several htindred feet to
over 300 miles, with an average velocity of 25 miles per hour;
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while its winds are the swiftest known and are estimated
as having a velocity of from 100 to 500 miles per hour.
The prevalent direction in Iowa for 1930, of this type of
storm is from the southwest to the northeast (Iowa weather
report for 1930*) Tornadoes usually occur in the spring
and summer and most frequently between 3 5 P*®* They
sometimes develop in connection with a distorted cyclone.
Ferrel (7) estimates that a suction as high as 90 pounds
per square foot is generated in the cave of the tornado.
2. Review of meteorology of Iowa.
A survey of the weather maps of the past several years,
shows that the greatest number of storms occur in June and
July. According to the state weather b^lreau, there are no
real definite storm areas in Iowa. A township study was
made of hail storms and from this study it was found that
areas bordering the Missouri and Sioux Rivers had the
greater nximber of storms of this nature. For I93O this
area had the greatest number of destructive storms. A
review of the weather records of the past several years shows
that the storms have been distributed throu^out the state.
Iowa Is a relatively flat plain and consequently conditions
evolving storms are somewhat similar throughout the state;
thus, there is a lack of demarkations in storm areas. The
prevailing direction of the wind( 1930) was from the west
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to the east, while the tornadoes recorded in the past year
have mainly blown from the southwest*
The rnaxlmum(recorded) wind velocity for the past three
years was 52 miles per hour, while the maximum velocity ever
recorded was 6^ miles per hour. The greatest velocities
recorded were during the months of April, May and June. Too
much reliance should not be placed in these recorded velocities
as they consider only average velocities. Another factor to
consider is that the anemometers are all placed in cities and
that due to the construction of new buildings the exposvire
had been decreased resulting in lower than actiial wind velocities
in the open areas. To show this a check was made between the
anemometer on the New Federal Building in Dee Moines and the
anemometer on the old building. The new station having a far
better exposure and consequently higher velocities were recorded.
This condition of low readings is prevalent in most stations.
Summary
1. A cyclone is a system of wind with an average diameter
of 1,553 niiles, circulating about a center of relatively
low barometric pressure, and at the earth's surface, blow
ing spirally inward.
2* Tornadoes are violent storms of small extent and are
peculiar to the United States, especially to the states of
Missouri, Kansas, and Iowa*
3. For Iowa the months of June and July had the greatest number
of storms.
-3^
k. There are no definite storm areas in Iowa.
5. The maximuia recorded wind velocity for Iowa was 6S
miles per hour.
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Forcea Exerted by the Air in Motion with Reference
to Farm Buildings*
There are niimerous formulae now used to determine the
wind pressure on "buildings, but these were found to be
Inadequate for farm structure design* Plans now drawn
along traditional lines, use a large factor of safety, or
as one authority states, a factor of ignorance. It Is
the object of this section, (1) to show that existing
formulae are incorrect and conflicting, and (2), to devise
a comprehensive formula which will cover essential conditions.
1. Review of existing formulae*
A consideration of the following abstracts of papers
may be taken as sufficient evidence to show that the knowledge
of this subject Is very vague.
A memorandum to Secretary Hoover from the building code
committee of the Department of Commerce, June 13, 192^^- reads
as follows:
"The building code committee in its consideration of
allowable live loads which should be ass\imed in designing
buildings has been confronted with the fact that very little
authentic information is available as to the amount, dis
tribution, and duration of wind stresses in buildings. It
is recognized that wind does at times produce stresses of
considerable magnitude in buildings, and most municipal
building codes make provision for them. However, the
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assumptions as to what the wind forces will do and how they
may be expected to act differ considerably and are generally
believed to increase construction costs unnecessarily. On
the other hand, discussions received from numerous architects
and engineers indicate that there is a tendency to which needs
investigation from the standpoint of public safety."
Dryden and Hill (^) make the following statements;
"Engineers are not generally agreed on a method of analysis
of this conrplex problem; in fact, many methods may be used
and many types of experiments must be performed before it will
be possible to con5)Ute closely the stresses produced by wind
pressure."
"Many experiments are now available which enable a general
survey of the effect of form variations, but many more measure
ments are needed on models resembling more closely actual
structures."
At the present time there are various formulae and
asstunptions used to determine wind loads. The formula
p = kAV^, where P is the pressure in pounds per square foot,
A is the area in square feet, V is the velocity in miles per
hour, and "k" is a constant, was first used by Smeaton in
1769, and served as a basis for wind load design for a period
of 150 years. The value of "k" for that period was taken as
.005' This formula which applies to pressure on vertical
walls normal to the wind, is still in use, the constand k now
being assigned a value varrying between .0016 and .OO32.
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Dryden and Hill (^) give "k" a value of .OO256. This
formula is applicable on vertical faces normal to the
wind and is a basic formula for interpretation of experi
mental data- When the value of "k" is used in the formula
the resulting pressure is termed the velocity pressure.
For different shapes and planes both normal and at an angle
to the wind, coefficients are used, these coefficients being
the ratio of the observed pressure to the velocity pressure.
Duchemin's formula (l^i- p.1199) is used extensively
in structural design for determining normal pressure on
Inclined surfaces and is as follows: p = Pjj 2 sin a
1 sin2a
where P is the pressure normal to the inclined surface, Pn
the pressure on a surface normal to the wind and "a" is
the angle of inclination from the horizontal. This formula
is intended for inclined surfaces but it does not take into
consideration negative or lifting forces which are due to the
increased wind velocities parallel to the surfaces, and to the
fact that there is a rarefaction of air on the leeward side
which also results in negative pressure*
The values from Rutton's formula (16, p-l,556)>
( l-25i(- cos a-1)
PaPn (sin a ) are somewhat lower than those of
Duchemin but should be disregarded for the SEone reason as
that of the preceding formula. Results of Langley's
erperimente (15) conform very closely to calculated values
of Duchemln's formula. The sinS law (15) is not in harmony
with experiments and is not used at the present time.
2. Derivation of a comprehensive table*
Oonsidering that the aforesaid formulas are in
adequate, a more comprehensive formula or table for wind
pressures should be devised. In order to secure exact
results, teats should be made on models of the structure
considered. It takes considerable and expensive equip
ment, which Is not available, to make these tests, so that
It was necessary to base assun^tlons on experiments that
have been performed. Smith (19) made extensive wind tests
on a rectangular model having a semi-circular roof, the
model conforming somewhat to the Gtothic type of barn design.
The results obtained in these tests will be used in the
assumptions of wind loads, and are shown on Plate VIII a,
the wind velocity having been computed to 70 miles per hour.
The accuracy of the tests is verified by an experiment of
wind pressures on a hanger model made by Amstein, and
reported by Watson (21), shown on Plate VIII b. This plate
likewise shows a wind pressure diagram of a model aerofoil,
which confirms the results derived by Smith.
The model used by Smith (I9) had a roof of semi-circular
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section, with a 6 ft. span and was 10 ft. long and
covered with tin. This roof was mounted on walls 5
high constructed of 2 in.z 6in. lumber, tongued and
grooved, making the walls comparatively tight and. stiff#
After a test, the roof was lifted and 6 in. of wall
removed and another test made. Holes were drilled at
suitable points for making the manometer connections.
The pressure registering instrument consisted of
glass tubes tilted 1/2 in, in 10 in. and placed in a
rigidly fastened frame. Kerosene was used in the reser
voir connected to one end of the calibrated tubes, the upper
ends of the tubes being connected to the holes in the roof
and walls*
The model was set up with a side normal to the wind,
on the Purdue athletic field, in a location free from
obstructions within a radius of JOO yards. Velocity
readings were taken by means of a pitot tube connected
to a framework. Two men were placed in the model and an
observer on the outside, who gave a signal when the wind
had attained, as nearly as possible, a uniform velocity.
At the signal, a flashlight photo was taken of the tubes
so that the results coiild be read from photographs. The
instruments were checked frequently so as to secure
greater accuracy. These observations were then corrected
and reduced to pounds per square foot for a velocity of
10 miles per hour, and the results plotted. The diagram
showing the average of all of Smithes tests was taken as
the basis for the diagram used herein(Plate VIII a). As
the formula P = kAV^ ie used, the pressure varies as the
square of the velocities. To secure the pressures at the
different points for a 70 mil© wind, it was necessary to
multiply the results from Smith* s diagram by (i]-9/lO)^
or From these calculations Plate VIII was plotted.
The maximum pressure for a 70 mile per hour wind would
be IS# per sq\aare foot at the point illustrated.
As further evidence that suction pressure is the
greater, Dryden and Hill's report (5) may be cited, in
which they state that the positive pressure is effective
over only a small area of the cylinders while the negative
pressure exists over the large remaining area and is of
greatest intensity where the wind passes around the cylinder,
due to increase in velocity parallel to the surface. There
is also a negative pressure on the leeward side caused by .
the rarefaction of the air, but it is much smaller.
Further analyzing the results of the tests by Smith
(19) there are various explanations that should be made.
The fact that there is suction on the windward side of the
roof is due to the increase in velocity of the air over
-lf2-
that section thus decreasing the pressure. Aerodynamical
experiments show that there is a lifting pressure on aerofoils
and this principle (Plate VIII) might be applied in this
instance, Rathbun (13) states that the lift if 60 to
20^ of the total force acting. In aerodynamics it is
conventional to express pressure differences as ratios
or coefficients of the velocity pressure, and this has
been done in this study.
Plate IX shows the distribution of wind stresses on
farm buildings by means of the coefficient system, and
are based on Smith's (19) tests and suggestions by Dryden.
Two types of barns were here considered, one having a gambrel
roof, and the other an inverted catenary roof. The
coefficient "c" Is used in the formula P = IcAV^ c which has
been previously mentioned. In the case of the inverted
catenary the coefficients are similar to those found in
Smith's (19) tests as the general design of the roofs are
comparable. In applying the coefficients computed from
Smith's diagram to the gambrel roof they were found to be
too high and were reduced according to the recommendation
of Dryden.
The conclusions drawn from this study are;
1. Present formulae are inadequate for farm building design
in that suction or lifting forces are not considered.
2. The tests by Smith may be used as a basis for assumptions
as other results confirm his experiment*
I
3. Decreased static pressure, or suction, acts over
the greater portion of the exposed area of the
building.
There is much necessary experimental work to be
done to determine the effect of wind action.
-^5-
Structural Details
Tests
The object of this section was to make comparative
tests on various methods of constructing the plate joint
for a gambrel roof barn. Four types of construction were
used in the tests and the design of each is explained under
its respective test.
1. Selection of joint to be tested.
The plate joint was selected for testing, following
an examination of photographs of demolished buildings and
from a review of the statistical study. From photographs
of demolished buildings it was evident that in most cases
failure occurred on the leeward side and that the plate
joint determined the strength of the structure. Plate X
shows photographs of demolished buildings. The statistical
study shows that over 3^ of "tli® total amount paid in claims
was for buildings demolished. A large proportion of these
losses can be ascribed to the plate joint first falling
and then a sequence of destruction followed. Over 5^ of
the claims paid was for repair to buildings having the roofs
blown off.
2. Dimensions of model.
In conducting the tests it was necessary to select
some barn roof dimensions from which to construct the model.
-1^6-
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The method of determining the model was based on feed
and space requirement of an average dairy cow. From
a handbook (11) it was found that a cow should be fed
from 1 to 1-^ lbs. of hay per 100 lbs. live weight each
day. To determine the average weight of a cow, a survey
(11) of all breeds of dairy stock in the U. S, was consulted
as to the number and average weight per cow. By multiplying
the number of cows by the average weight of each breed, then
adding these weights, and then dividing this sum by the
total number of cows the average weight was secured, and
this was used in the conqputations, its value being 1,200 lbs.
Therefore, a cow of this weight would require IS lbs. of hay
per day as a maximum. Kelly (1^) states that the feeding
period for Iowa is 2lj-0 days per year, and therefore a cow
would require i^,320 lbs. of hay. One cubic foot of hay
weighs about k- lbs. At this rate each cow would need ^^20
or, 1,030 cu. ft. of hay storage space. The average floor
space for each cow is 80 sq. ft. above which is an equal
mow floor area. The width of the barn was taken at 3^ ft.
Widths of 3^ and ft, have been standard for dairy
and general purpose barns but in present design the ft.
barn was selected as it gives adequate floor space and
reduces the area which has to be heated by the animals.
Dividing SO (sq, ft. of floor area required per cow) by
3k (the width of the bam) the quotient of 2.35 gives the
linear length of'Jarrn^required per cow. Hence the mow
cross section area is equal to the volume of storage = (10^0)
linear length (2.35)
or J^60 eq. ft. Thirty-eight sq. ft. was allowed for space
taken up by rafters, beams, and braces. The total area thus
le sq. ft. or roughly 500 eq. ft. required. An endeavor
was first made to design the barn so that the rafters would
extend down to the mow floor. Barn plans were drawn and
in the design of the roof regular length members (l6 ft.,
ll^- ft., and 12 ft.) were employed. After trying the meiubers
in the various possible arrangements it was fo^lnd that
Insufficient area could be made available by this method.
As a result, l4 ft. lower and 12 ft. upper members were used
with the ridge 21 ft. - 6 in. above the mow floor, which
necessitated having the studs extend 3 ft. above the mow
floor. The dimensions for the model are shown on Plate XI a.
3- The scale model.
A ^ in. scale was employed in constructing the models
to be tested. This scale was chosen as it was the largest
that could be fabricated in the space afforded in the
laboratory. Fir finish, a fine grained knotless lumber,
was cut to one third size of the original 2 in. x 6 in.,
1 in. X 2 in., and 1 in. x 6 in. dressed lumber and was
used for the members and braces. Proportional sized nails
A -8d J^/LO Iff JOtr(r
tfCro ert/£r
Of^ Tsst OJod^l
S.36 <a^ T
Cotrf-f-icierCrs fifCo Osao Lo^os //^ TifSr^
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were used on Ijlie basis of the assumption that 2 in*
material would be nailed with l6 d and 1 in. material with
g d nails. The relationship of the nails used in full
sized models and in the scale model are as follows:
Diameter Lenf<th
Full Bize l6 d .165 In. 3i In-
Scale 1 1/6 in.Ho.17 *055 in. 1 1/6 in.
(cut from 1 l/lt In.)
Full size a d .133 In- in.
Scale 7/g in. Ho.l« .OlV? In. 7/8 in.
The testing frame*
The frame used in making the tests is shown on
Plate XII a- The pulley blocks are shown on Plate XII b,
and are special frames with ball bearing sheaves made for
this project. The loads were applied by means of 5/I6 in<
braided sash cord, pails being used to give the load. A
clip device was built to hold cards for measuring deflect
ions and is shown on Plate XII c.
5. Determining the dead loads.
In these tests dead and live loads were considered.
The resultant loads were used in making the tests as the
reactions at the ends of the members were the same as
though the loads were distributed. Snow loads were neglected
in these tests because the storms causing damage occur mainly
-51-
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in the STimmer and the snow also tends to increase the
dead load and counteract the lifting forces of the wind
during storms. The dead load that was here considered
was the weight of the sheathing and shingles. For all
loads considered, it was assumed that the rafters were
placed 2 ft. on center. Using a ^ in. (1/3) scale
and considering the l^- ft. members the dead load was
found as follows?
(1/3 xlM- ft.) (1/3 X2ft.) =|S (3-11) sq.ft. of
surface carried by each lower rafter.
Using 1 in. (25/32 dressed) lumber for sheathing and
allowing 0.^ in. for shingles the total thickness
would be 0#7^ 0#^ in. * 1.1£S in* • 0.09S ft.
32 lb. s weight of 1 cu. ft. Douglas fir (l6,p.526).
3.11 X 0.092 X 32 lbs. =9.75 dead load on each
of the lower members.
The dead load on each of the upper members was -
(1/3x12) (1/3x2) X 0.09^ X 32 lbs. = g.36 lbs.
As the dead loads were uniformly distributed the resultant
was applied equidistant between the ends of the members.
6. Determining the wind loads.
As no wind tests have been made on a model of a bam
it was necessary to use the loads derived in a previous
section and shown on Plate IX. Although the distribution
-53-
of these loads are only assumptions it is believed that
they cone more nearly approaching exact conditions and
can thus be used for the comparative tests which were
here made. To determine the wind loads the values on
p
Plate IX were used and substituted in the formula P » kAV^c.
As P, 3c, A and V were known "c" was found by substituting
the values using P as given at certain places on this plate.
As a result of these values for »c" a linear scale could
be determined so that the value for "c» could be scaled
directly at any particular place on the plate. A large
diagram ( as Plate IX) was used in determining the values.
To find the point of application of the resultant load,
equal segments were scaled off on a member beginning at
one end. At the end of each of these segments a value
for "c" was found by scaling from the roof to the curve
of the wind loads, the measurements being on a line normal
to the rafter. The value of the resultant was found by
the principle of moments, in which the sum of the products
of the coefficients times their respective arms equalled
the resultant load times its arm. The value of the resultant
here mentioned is the sum of all the coefficients considered.
To find the average coefficient for each member the sum of
the coefficients was divided by the number of coefficients
added and the quotient gave the coefficient to be used for
the respective member- The values for •'c" and the point
of applic0.tion of the resultants are shown on Plate XI b.
7. Method of applying loads.
Knowing the average coefficient for each of the
rafter members, the loads on each for various wind velocities,
were determined and are shown on Table IV b, under the
column headed Act- (actual loads). In designating the
members as Lower Left, Upper Left, etc. they are so named
according to their position in the structiire, when the wind
is assumed to be blowing from the left* It was necessary
to consider the friction of the pulleys and cord in order
to make load corrections. This was determined in the follow
ing manner. Sand was added to a pail so as to total 5 lbs.
and then hung in the regular position ( see illustration of
set up, Plate XII a ). A scale was attached to the other
end of the cord and a pull exerted in the line of action
used in the tests. As static pressure was all that was
considered, the pull was increased \intil the pail started
to move upward and the reading was then taken. Several
checks were made and the average foxind. By adding 5
increments and repeating the procedure numerous values
were secured. This process was followed for the four
pulley units sind the results plotted. The graph (Table IV a)
shows the location of the points found, and these points
were so nearly in line that the straight line shown can
be used to determine the necessary loads. Various points
-55-
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were chosen along the line and the necessary load at the
point divided by the actual load. The average quotient
was foxmd to be 1,056. Friction corrections were then
made for each of the loads and are shown on Table IV b
under the colximn Hec. (necessary loads)* In making the
tests increments of load were added and these are shown
on the table ^lnder Dif. (difference) and are the differ
ence between the loads necessary for various wind
velocities. For example: to increase the load caused
by the wind from a to 50 miles per hour, it was necess
ary to add 5 lbs. to the lower left member, 3-^ lbs.^to
the upper left, etc. These increments or differences
in loading, were secured by filling paper bags with sand
to the desired weights. Each sack was sealed and labeled
according to the chart. Thus for test S the label on one
bag would read "Lower Left-E-^*5 Its." which meant that
this bag was placed in the pail connected to the lower left
member when the wind load was to be increased from 70 to
75 miles per hour.
S. The construction of models to be tested.
In the construction of the models an endeavor was
made to have the nailing as uniform as possible. Plate
XI a shows the number of nails used at the various places
at the beginning of the tests- The plate joint had braces
added in two tests and in the fourth method tested the plate
-56-
was omitted. Some changes in nailing were made at the
purlin joint and these are discussed in the "run" in
which the changes were made. The rafter framings to be
tested are numbered from 1 to ^ inclusive ajid are shown
on Plate XIII and hereafter will be referred to only by
these numbers. In No. 1, Ko 2 and No. three l6 d*
nails were used to fasten the lower 2 in.x 6 in member
of the plate to the stud and three l6 d nails fastened
the plate members. The rafters were attached to the
plate by five l6 d nails, one being driven through the
edge of the rafter and two were toenailed into each side.
In No. 2 construction, a ^ ft- 1 in. x 6 in. brace was
used in which three B d nails were used on each end to
fasten it to the members. No. 3 ^ H 1 in* x 6 in.
brace fastened similar to the brace of No. 2. The
construction of No. k- does not follow general construction
principles. This joint consisted of nailing a 2 in. x 6 in.
ribbon to the stud, which had been notched, notching the
rafter to fit the ribbon, and then joining the members with
five l6 d nalla. A portion of the stud extended above the
rafter and a 2 in. x ^1- in. plate was nailed to the end of
this extension. The object of this plate was to aid in
holding the studs in line, and it would also serve as a
base for the construction of the cornice. This joint has
the advantage in that it is easier to nail, and these nails
* In this discussion full sized members and nails are mentioned.
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Plate XIII
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have a greater holding power than toenails, especially
as in actual construction they could be clinched.
9. Method of making tests.
After each model was completed it was placed in
the testing frame and the cords attached, (plate XII a).
The studs were nailed to regular sized 2 in. x 6 in.
pieces that were spiked to the testing frame. In order
to ke^ the model from collapsing it was necessary to
apply some wind load which was taken as the start of all
tests. A '-1-0 mile per hour wind was selected and the
respective loads were applied by use of the pails and sand,
as shown the loads being determined from Table IV a. When
wind load "A" (^0 miles per hour from the table) had been
applied, a mark was made on the deflection card and marked
"A". Loads "B" for each pail, or member, were then added
and the point marked on the deflection card. Increments,
placed in the pails in a regular order were added and
deflections marked after each load until the section
collapsed or loosened to the point where demolition was
inevitable. Notes were made on the cards when any notice
able change occurred in the section.
Several runs( series of tests) were made of each of the
joints and the results are discussed under the various runs
made. The reason for this procedure is that some changes
-59-
are discussed xmder the above headings. Plate XIV
shows the deflections and remarks for each test made,
10. Results of tests.
Run I. The only plate joint to fail in this run
was in the No.l method of construction. The failure of
Ho. 2 was due to the stud loosening from the nailing
"block and at the time the purlin joint was about ready
to break. In No. 3 and No. k the purlin joint failed.
There was no relation In the deflections as the failures
occurred at various places*
Stunmary of Run I
Failure
No. Wind velocity Location
1 95 Right plate
2 115 stud loosened
3 130 Right purlin
4 120 Right purlin
Run II. As the purlin joint had been the principal
cause of failure in the previous Ton it was necessary to
strengthen this joint. Six S d nails were used instead
of four in each of the 1 in.x 6 in. side pieces on the
purlin where these pieces were nailed to the rafter.
No. 1 again failed at the right plate. The purlin
joint determined the strength of No. 2 and No. 4-, while
No. 3 failed at the right plate.
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The deflections were approximately the same in
Ho. 2, Ko. 3, and Ko. ^ up to "0" on No. k where the
etuds began to pull away from the nailing blocks even
though seven 1^ in. nails were us6d in each stud.
Summary of Run II
Failure
Location
Right plate
Right plate
Right plate
Studs loosened
Run III* In testing No. 1 and No. 2 the loads
were applied in the regular order, but due to the pails
being over filled in No. 2 it was decided to substitute
metal weights equivalent to the sum of the increments
from "B" to "E" inclusive thus making "F" the first
point of record after "A".
The right plate joint again failed in No. 1 and
No. 2 collapsed as a xinit and the exact place where the
failure occurred was not determined. In No. 3 the
right plate detached and No. collapsed due to buckling.
No explanation can be given for the deflection in
No. 2, although it is similar to No. 1 up to "K".
There is a similarity between No. 3 No. ^1-.
No. Wind Velocity
1 105
2 125
I
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Summary of Run III
Failure
No- Wind Velocity Location
1 100 Right plate
2 l4o Unknown
120 Right plate
130 Buckled
Run IV. The strength of the pxirlin joint was
increased by using 1 in, x S in. side pieces instead
of the 1 in. x 6 in. material- Six 8 d nails were used
per side as in Run II. As No. in Rtin II had buckled
two pieces of 1/3 in. x 1 in. band iron were bent to fit
around the lower members of the rafters and extend out
about a foot. Plate Xlla. shows these pieces. As
No. 1 had failed at the same place in previous rtins at
nearly similar loadings it was decided to discontinue
the test on that type of construction.
No. 2 failed at the purlin, No. 3 at the right
plate, and the studs loosened when No. was tested.
The deflections in this run are more closely
related than any of the previous runs. This mi^t
have been due to the increased strength of the purlin.
"63-
Sunuiiary of Run IV
Failure
No. Wind Velocity Location
2 135 Right purlin
140 Right plate
150 Studs loosened
Run V. No. 2 failed at the right purlin.
No. 3 at the right plate, and No. k- collapsed due
to "buckling.
The deflections in this run were nearly identical.
Summary of Run V
Failure
No. Wind Velocity Location
2 135 Right purlin
3 130 Right plate
4 150 Buckled
The tests made on No. 1 were very nearly alike. The
right plate joint determined the strength in the 3 runs
conducted on that type of construction. The deflections
are very nearly the same throughout the runs. The strength
of the plate joint as used in No. 1 may be taken as being
able to withstand a wind of 95 miles per hour.
In No. 2 the failure occurred either at the right
purlin or ri^t plate except in one test in which the
place of failure was unknown. Only one test showed a
failure at the plate joint, that test being in Run II.
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This failure occurred at a load equivalent to a 125
mile per hour wind. In Run III the plate joint
withstood a wind load of l^i-O miles per hour and then
when failure occurred the point of occurrence was un-
known» The deflection in Jbm III far exceeds any-
other deflections recorded during the tests. No
reason can "be given for this large deflection. The
strength of the plate joint in No. 2 may he considered
able to withstand a wind having a velocity of 125 miles
per hour. This value is taken as it is the lowest
value at which the plate joint determined the strength
of the section.
In the tests on No. 3 failure occurred four times
at the right plate and once at the right purlin. The
velocities at which the plate joint failed were as
follows: 130, 120, 1^ and I30 miles per hour. The
deflections for this test were somewhat similar except
in Run IV. This deflection was probably due to the
plate being off the stud about 2/16 in. before failure
occurred resulting in the nails bending. The lowest
wind velocity at which the plate joint broke was 120
miles per hour.
In testing No. ^ failure did not occur at the
rafter-stud joint. In two runs the right purlin failed,
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the studs loosened twice, and in one run the sections
buckled. The deflections recorded for No. ^ were nearly-
similar. In Run II the studs loosened from the nailing
blocks causing a relatively high deflection- The
minimum load required to cause failure at the rafter-
Btud(plate) joint was not determined as the sections in
all cases collapsed before this joint failed. This type
of "plate" construction will withstand a wind velocity
of at least I50 miles per hour.
Considering all the tests made there is very little
noticeable difference in deflection at the smaller loads.
As the loads were increased various portions of the
structure would loosen causing different degrees of
deflection. In tests on No. 1 the deflections were
always through "A". The reason for this action is that
the complete section tended to pivot on the left stud
and lifted at the right pulling the plate off the stud.
In Runs I and II for the other methods of construction
the 1 in. x 6 in. side pieces at the purlin had split
causing the rafters to spread at that joint thus causing
the upward trend of the deflections. In Rims IV & V
the purlin joint was more substantial and the general
movement was at the plate tending to cause the deflection
at the ridge to be downward. The remarks under each
test (plate XIV) explain in more detail some of the causes
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of the difference in deflections.
The results derived in these tests compare
various constructions at the plate joint. It was
necessary to strengthen the purlin joint in order
to use higher loadings. In siimming up the results
the following values may be taken as to the strengths
of the types of plate joints used in the tests,
No. Plate Failed at Load Equal to a
Velocity of
1 95 miles per hour
2 125 miles per hovir
120 miles per hour
150 miles per hour^actual velocity to
cause failure was not
determined.
rrom the above values it can be seen that the plate
joint in No. 1 is far inferior to any of the others
studied. There is a slight advajitage in favor of the
ft. brace in No. 2 as compared to the 11 ft. brace
used in No. 3. The method of nailing the rafter to the
side of the stud as used in No. was by far the best
method of constructing the joint in question.
Oonclusions
1. The plate joint, when improperly braced, is the
cause of a large portion of building losses due to
the wind#
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2. Under average methods of tracing the plate joint
the failure occurred at the purlin.
3. The deflections were about the same under smaller
loads and it was not \intil some portion loosened
that there is a marked change in the trend of the
curves.
1;. There is no advantage of using a long brace as
compared to a short brace at the plate, in fact, the
short brace showed a greater strength.
5. The nailing of the rafter to the side of the stud
resulted in by far the greatest strength and this
method of construction seemed simpler.
-6g-
BIBLIOGRAPHY
1. Boardman, H. P»
Wind TDxessure against inclined roofs*
Jour.*of West. Soc. of Engrs. 17:331-59. 1912-
2. Chatley, Herbert.
The force of the wind. p.1-66. Charles Griffin &
Co. London. 1909
3* Davis, W. M.
Elenentary Meteorology, p. 1S3-247. Ginn & Co-
Boston. 139^.
k-m Dryden, H. L. and Hill, G. 0-
Wind pressure on circular cylinders and chimneys.
U. S. De-oartment of Com. Bureau of Standards Jour.
Res. 5:653-93- 1930.
5« Dryden, H. L. and Hill, G. 0.
Wind pressures on structures. U.S. Dept. of Oom.
Sci. Papers of Bur. of Stand. 20:697-732* 1926.
6. Eiffel, G.
The resistance of the air and aviation, p.1-75.
Houghton Mifflin Co. Boston.1913*
7. Ferrell, Wiliain.
A popular treatise on the wind. p. 226-iW-7.
John Wiley & Sons, N.Y. lSg9*
Sm Fleming, R-
Wind bracing in industrial and many storied buildings.
Host. Soc. of Civ. Engrs. Jour. 12:199-215. I926.
9. Fleming, R.
Stresses in framed structures. p.44s-66»
McGraw Hill Book Co., N.Y.
10. Foster, W. H. & Carter, Deane.
Farm Buildings. John Wiley & Sons. IT.Y. 192S.
11. Harvey, F.W.
Extension service handbook on Agriculture and Home
Economics. U-S.D.A. P>__453-5^« 1926.
12. Humphreys, W.J.
Physics of the air. p. I7S-213. J.B. Lippincott
Co. Philadelphia. 1920.
-69-
13. Kelley, M. A. R.
Ventilation of farm barns. U.S.D.A. Tecb. Bui.
127:20-82. 1930.
1^1. Zidder, F.E.
The architects & builders hajidbook. John Wiley &
Sons. N.Y. 1921.
15- Lancheeter, F- W.
Aerodynamics. P. 1—233* Van Nostrand Oo. II.Y«
1913.
16. Marks, L. S.
Mechanical engineering handbook. McGraw-Hill Book Oo.
New York, 1930-
17. Monteith, 0. M.
Simple aerodynamics and the airplane, p. 3-71-
The Ronald Press Oo. N.Y. 1929-
Ig. Rathbun, J. B.
Aeroplane construction and operation, p. 70-122.
Stanton and Van Vleit Oo., Chicago. 191^*
19. Smith, A.
Wind loads on buildings. Jour, of West Soc. of
Engrs. 19:371-92. 191'4-.
20. Smith, A.
Wind stresses in still frames of office buildings.
Jour, of West. Soc. of Engrs. 20;3^1• 1915*
21. Watson, W. J.
Erecting the world's largest roof. Civil Engin.
IT.S. 1:71-76. 1930-
22. Zahn, A. F.
Flow and drag formulae for simple quadratics.
Hat. Advis. Com. for Aeronautics. Rpt. 253-
23 p. 1927.
